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The invention relates to a magnetic resonance imaging (MRT) system 
comprising an examination volume, a main magnet system for generating a main magnetic 
field in Ihe examination vohmie in a Z^Jirection, a gradient magnet system for generating 
gradients of the main magnetic field, and an anti-vibration system for reducing vibrations of 
the gradient magnet systan caused, during operation, by a medianical load exerted on the 
gradient magnet system as a result of electromagnetic interaction between the main magnetic 
field and electrical currents m the gradient magnet system. 



An MRI system of the kind mentioned in the opening paragr^h is known 
ftom US-A-5,617,026. The known MRI system is used to make images of the entrails of a 
patient's body by means of a nuclear magnetic resonance method. In the known MRI system 
the main magnet system comprises a number of superconducting electrical coils which are 
accommodated in a cryogenic container. Thus the main magnetic field generated by the main 
1 5 magnet system is relatively strong, as a result of which strong nuclear magnetic resonance 
effects are achieved. The gradient magnet system conqoises a number of electiical coils for 
generating gradients of the main magnetic field in three orthogonal directions. An image of 
the patient's body is constructed by successively observing nuclear magnetic resonance 
effects in a large number of positions in the patient's body, which are successively selected 
20 by altering said gradients. To achieve an acceptable overall time necessary for the 
examination, the gradients of the main magnetic field are altered at relatively high 
frequencies, as a result of which the electiical currents in tiie coils of the gradient magnet 
system also alter at high frequencies. 

As a result of tiie electromagnetic interaction between tiie main magnetic field 
25 and liie altering electrical currents in the gradient magnet system altering mechanical loads, 
in particular Lorentz fi>rces, are exerted on the gradient magnet system during operation of 
the known MRI system. Without additional measures said mechanical loads would result in 
mechanical and acoustic vibrations of the gradient magnet system, and said vibrations would 
result in distortions of tiie images generated by tiie MRI system and in inadmissibly stix>ng 
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acoustic Doise in the examination volume and around the MRI system. The known MRI 
system con5>ris«5 an anti-vibration system for reducing said vibrations of the gradient magnet 
systemrS^d-aiitFvibration-systran comprises a plurality of piezo=dectric-devices which are 
embedded in the cylindrical carrier of the coils of the gradient magnet system. During 
5 operation said piezo-electric devices are energized in such a mamier that local deformations 
of the carrier, which are caused by the mechanical loads, in particular the Lorentz forces, 
exerted on the coils of the gradient magnet system, are cancelled by compensating 
deformations of the piezo-electric devices. Although the mechanical and acoustic vibrations 
of the gradient magnet system are reduced to some extent as a result of said conq>ensating 
10 defonnations, the level of the residual mechanical and acoustic vibrations of the gradient 
magnet system of the known MRI sj^tem is still con^derable. 



It is an object of the invention to provide a magn^c resonance imaging (MRI) 

15 system of the kind mentioned in the opening paragraph in which, during operation, 

mechanical and acoustic vibrations caused by mechanical loads exerted on the gradient 
magnet system are further reduced, so that inadmissible distortions of the images generated 
by the MRI system and inadmissible acoustic vibrations m and around the MRI system ate 
prevented as much as possible. 

^ To achieve said object, a magnetic resonance imaging (MRS) system according 

to the invention is characterized in that the anti-vibration system comprises a balance 
manber, which is coiq>led to the gradient magnet system by means of an actuator system and 
a coiq>lmg device allowing displacements of the balance member relative to the gradient 
magnet system, the MRI system having a control system for controlling the actuator system 

25 in such a manner that, during operation, the actuator system exerts tqpon the balance member 
a conq)ensating mechanical load which substantially corresponds with the mechanical load 
exerted on Ihe gradient magnet system. As a result of ttie feet that said actuator system exerts 
said compensating mechanical load on said balance member, said actuator system exerts a 
mechanical reaction load on the gradient magnet system which is substantially equal but 

30 oppositely directed to the mechanical load which is exerted on the gradient magnet system as 
a result of the electromagnetic interaction between the main magnetic field and the electrical 
currents in the gradient magnet system. As a result the mechanical load resulting ftom said 
electromagnetic interaction is substantially cancelled by said medbianical reaction load, so 
that mechanical and acoustic vibrations resulting from said mechanical load are effectively 
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reduced. The coupling device is such that it provides a sufficient freedom of movement of the 
balance member relative to the gradient magnet system, so that the compensating mechanical 
lDidrex^Sd:wthe b'diQCi^eini^ber is CDnvertfedtttto*dis|jlai5©^^ 
relative to tibie gradient magnet system. The balance member has a sufficiently large mass 
5 and/or moment of inertia, so that the resulting displacements and vibrations of the balance 
member are limited as much as possible. 

A particular embodiment of an MRI system according to the invention is 
characterized in that, during operation, the control system supplies a control signal to the 
actuator system corresponding with the compensating mechanical load, the control S3^tem 

10 deterndning said control signal as a function of the value of the electrical currents in the 
gradient magnet system. Since the main magnetic field has a predetemiined strength and 
orientation and the mom^tary electrical currents in the gradient magnet system are 
determined by a pulse sequence control unit of the MRI system, the mechanical load exerted 
on the gradient magnet system as a result of the electromagnetic interaction between the main 

1 S magnetic field and the electrical currents in the gradient magnet system and the necessary 
compensating mechanical load can be accurately predicted by the control system. As a result 
this particular embodiment provides an accvirate compensation of the mechanical loads 
exerted on the gradient magnet system, so that the efficiency of the anti-vibration s>^em is 
further improved. 

20 A further embodiment of an MRI system according to the invention is 

characterized in that the gradient magnet system comprises a sensor system which, dxumg 
operation, measures residual vibrations of the gradient magnet system and which supplies a 
measuring signal to the control system corresponding with the measured residual vibrations, 
the control system adjusting the control signal in such a manner that the measured residual 

25 vibrations are smaller than a predetermined threshold value. In this further embodiment 
residual vibrations of tiie gradient magnet system, which may be present, for example, as a 
result of small differmces between the actual mechanical loads on the gradient magnet 
system and the mechaaiical loads predicted by the control system, are effectively cancelled by 
the control system in cooperation with the sensor system. As a result the efficiency of the 

30 anti-vibration system is further improved. 

A particular embodiment of an MRI system according to the invra^tion is 
characterized in that the actuator system comprises piezo-electric actuators. The pr^ence of 
the piezo-electric actuators in the MRI system does substantially not influence the magnetic 
field in the examination volume as a result of the absence of electrically conductive materials 



PHNL021116EPP 




14.11.2002 



in said actaators* Fuxthemiore, the control signals by means of which the piezo-electric 
actuators are actuated have relatively small current values, so that the control signals cause 

only relatively small disturbing magneticrfields; 

A particular embodiment of an MRI system according to the invention is 
5 characterized in that the balance member comprises an electrically conductive portion which 
is positioned in a portion of the magnetic field of the main magnet system. When the balance 
member is displaced relative to the gradient magnet system as a result of the compensatmg 
mechanical load exerted thereon, eddy currents are generated in said electrically conductive 
portion by the magnetic field of the main magnet system. As a result of the electromagnetic 
10 interaction between said magnetic field and said eddy currents Lorentz forces are exerted on 
said electrically conductive portion in a direction opposite to the direction in which the 
balance member is displaced, so that the displacements and vibrations of the balance member 
relative to the gradient magnet system are effectively danoped. As a result the efficiency of 
the anti-vibration system is fiarther improved. By means of suitable dimensions of the 
15 electrically conductive portion and a suitable orientation of the electrically conductive 

portion in the magnetic field of the main magnet system said damping eflEect is considerable, 
so that the mass and/or moment of inertia of the balance member necessary to sufficiently 
limit the displacements and vibrations of the balance member can be reduced. 

A particular embodiment of an MRI system according to the invention is 
20 characterized in that the MRI system has a first magnet unit and a second magnet unit at a 
distance from the first magnet unit, the examination volume being present between the first 
and the second magnet unit, wherein the first and the second magnet unit comprise a first 
portion and a second portion, respectively, of the main magnet system and a first portion and 
a second portion, respectively, of the gradient magnet system, and wherein the first and the 
25 second portion of the gradient magnet system are each coupled to a separate balance member 
by means of a separate actuator system and a sqparate coupling device allowing at least 
rotations of the respective balance member relative to the respective portion of the gradient 
magnet sj^em about a first and a second axis of rotation, which are mutually perpendicular 
and perpendicular to the Z-direction, the control sj^tem controlling each actuator system in 
30 such a mamer that, during operation, each actuator system exerts upon the respective balance 
member at least compensating mechanical torques about the first and the second axis of 
rotation which substantially correspond with mechanical torques exerted on the respective 
portion of the gradient magnet system as a result of the electromagnetic interaction between 
the main magnetic field and the electrical currents in the respective portion of the gradient 
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magttet system. In this particular embodiment the MRI system is of a so-called open type, 
wherein the examination volume is easily accessible for the patient and for the medical 
-perscmalWSTesmforfhgtact-ttem^ 
are accommodated in two separate magnet units at a distance from each other. This particular 
anbodiment of Ihe invention is based on ttie insight that in an open type MRI system the 
mechanical and acoustic vibrations of the gradient magnet system are predominantly caused 
by mechanical torques exerted on the first and the second portion of the gradient magnet 
system about axes perpendicular to the Znlirection of the main magnetic field as a result of 
the electromagnetic interaction betwe«i the main magnetic field and Ihe electrical currents in 
the gradient magnet system. As in this embodiment Ihe first and the second portion of the 
gradient magnet system are each coiq>led to a separate balance member via a separate 
actuator system, and each actuator system exerts at least compensating mechanical torques 
about said first and said second axis of rotation upon the respective balance member 
substantially correspondmg with the mechanical torques exerted on the respective portion of 
15 the gradient magnet system about said axes, said mechanical torques are substantially 

cancelled by the mechanical reaction torques exerted by the respective actuator system upon 
ihe respective portion of the gradient magnet system, hi this manner a predominant portion of 
the mechanical and acoustic vibrations of flie gradient magnet system is effectively reduced. 
The coupling device between each portion of the gradient magnet system and tiie respective 
balance member is relatively simple, because the coupling device needs to aUow only 

rotations of the balance member about said first and second axis of rotation. 

A further embodiment of an MRI system according to tiie hivention is 
characterized in tiiat each actuator system comprises three actuators, which each exert a 
compensating force on the respective balance manber in a direction paraUel to the Z- 
25 direction. By means of said three actuators tiie necessary compensating mechanical torques 
about the first and the second axis of rotation extending perpendicular to the Z-dhection are 
generated in a practical and efficient manner. 

A further embodiment of an MRI system according to tiie mvention is 
characterized in tiiat tiie first and tiie second portion of tiie gradient magnet system are 
30 positioned in a portion of tiie respective magnet unit facing tiie examination volume, and in 
tiiat tiie respective balance member is positioned at a side of tiie respective magnet unit 
remote &om tiie examination volume, tiie respective portion of flie gradient magnet system 
and flie respective balance member bdng connected to each otiier via a connecting member 
which is accommodated in a central chanib er provided in fiie respective magnet unit and in 
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the respective portion of the main magnet system. At the side of each respective magnet nnit 
remote &om the examination volume a relatively large amomit of space is available to 
positijm the balance mraiber. At Ms sideritrparttcKflarrportious of the balance member can 
be arranged at relatively large distances ftom the first and the second axis of rotation, so that 
relatively large moments of inertia about said axes are achieved with a limited total mass of 
the balance member. As a result, the angular displacements of the balance members about the 
first and the second axes of rotation, which are generated as a result of the compensating 
mechanical torques exerted on the balance members, are considerably reduced. 

A yet further embodiment of an MRI system according to the invention is 
characterized in that each of the three actuators is a piezo-electric actuator ananged in the 
central chamber of the respective magnet unit In this embodiment the available volume of 
the central chambers is effectively used to accommodate the piezo-electdc actuators. An 
additional advantage is that the piezo-electric actuators are arranged at a relatively short 
distance fix>m the first and the second axes of rotation. As a result the longitudinal 
deformations of tiie piezo-electric actuators necessary to achieve predetermined rotations of 
the balance members about the first and the second axes of rotation are considerably limited, 
so that the necessary dimensions of the piezo-electric actuators are limited and the robustness 
of the piezo-electric actuators is increased. 

A furth^ embodimCTt of an MRI system according to the invention is 
characterized in that each balance member cinnprises an electrically conductive portion 
arranged in the central chamber of &e respective magnet unit In the central chamber of the 
first and the second magnet unit of an open type MRI system the magnetic field of the main 
magnet system has a relatively high strengliL As a result relatively strong eddy currents are 
generated in said electrically conductive portions, so that the electrically conductive portions 
provide a relatively strong danq>ing effect and the displacements and vibrations of the 
balance mCTibers are fiirther limited. 

A yet further embodiment of an MRI system according to the invention is 
characterized in that the electrically conductive portion of each balance member comprises a 
cylindrical plate which is oriented substantially parallel to the Z-direction. In this 
embodiment the cylindrical plates in the central chambers are mainly oriented parallel to the 
direction of the magnetic field of the main magnet sj^tem. In this way optimal dancing 
effects are achieved by liie electrically conductive portions of the balance members. 

A still further embodiment of an MRI system according to the invention is 
characterized in that each balance member comprises a massive cylindrical body which is 
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arranged in the central chamber of the respective magnet writ, the respective cylindrical plate 
being mounted around said body. In this embodiment the moment of inalia of the balance 
-memb^ isTeduced-byihenisrTjfBaid-Tnassivexylindrica^ 
view of the dampmg effect obtained by the cylindrical conductive plate mounted around said 
body. In this mamier the balance members each have a compact structure, and the available 
volume of the central chambers of the first and the second magnet unit is effectively used to 
accommodate the balance memb^. 



10 Embodhnentsofa magnetic resonance imaging (MRI) system according to the 

invention will be described in the following with reference to the figures, m which 

Fig. 1 schematically shows a cross-section of a first embodiment of an MRI 

system according to the invention. 

Fig. 2 schematically shows a top view of a balance member of the MRI system 

15 of fig. 1, and 

Fig. 3 schematically shows tiie main parts of a second ranbodiment of an MRI 
system according to the invention. 



20 The first embodunent of an MRI system 1 according to tiie invention shown in 

fig. 1 is of tiie so-called open type and has an upper housmg 3 and a lower housing 5 which 
are mutually connected by means of two vertical posts 7. 9. Between tiie upper housing 3 and 
tiie lower housings an examination volume 11 is preset in which a patient to be examined 
can be positioned. The MRI system 1 fiirflier conqoises a main magnet system 13 having a 

25 first portion 15 accommodated in tiie upper housing 3 and a second portion 17 

accommodated in tiie lower housings. Said first and second portion 15, 17, wHdiaienot 
shown in detail in fig.l, each comprise a number of superconducting electrical coils 
accommodated in a cryogenic container. By means of tiie main magnet system 13 a main 
magnetic field Bo is generated in tiie examination volume 1 1 during operation, which main 

30 niagneticfieldBoissubstantiaUydirectedinaverticalZ-direction.TheMMsysteml fiirtiie^ 

comprises a gradient magnet system 19 having a first portion 21, which is accommodated in 
tiie upper housmg 3 betweoi tiie first portion 15 of tiie main magnet system 13 and tiie 
examination volume 1 1. and a second portion 23, which is accommodated in tiie lower 
housing 5 between tiie second portion 17 of tiie main magnet system 13 and tiie examination 
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volume 1 1 . Said first and second portion 21, 23, which are not shown in detail in fig. 1, each 
comprise a number of electrical coils for generating gradients of the main magnetic field Bo 
* inT]re^xasSsattOTr?cfltmie~^ orthogonal directions X, YT^rThelBbrst portion 15-of 

the main magnet system 13 and the first portion 21 of the gradient magnet system 19 belong 
5 to a first magnet imit 25 accommodated in the upper housing 3, while the second portion 17 
of the main magnet system 13 and the second portion 23 of the gradient magnet system 19 
belong to a second magnet xmit 27 accommodated in the lower housing 5 at a vertical 
distance from the first magnet unit 25. The first magnet unit 25 further comprises a first RF- 
coil unit 29, which is positioned between the first portion 21 of the gradient magnet system 
10 19andtheexaininationvolumell,andasecondRF-KJoilunit31,wMchisposi 

between the second portion 23 of the gradient magnet system 19 and the examination volume 
11. 

The MRI system 1 is used to make images of the entrails of a patient's body 
by means of a nuclear magnetic resonance method. An image of the patient's body is 

15 constructed by successively observing nuclear magnetic resonance effects in a large number 
of positions in the patient's body, which are successively selected by altering the gradients of 
the main magnetic field Bo. In each selected position an RF-signal is transmitted by the first 
and/or the second RF-coil unit 29, 31 and subsequently an RF-signal, which is generated as a 
result of a nuclear magnetic resonance effect in said position, is received by the first and/or 

20 the second RF-coil unit 29, 31. Since the main magnet system 13 comprises superconducting 
electrical coils the main magnetic field Bo is relatively strong, so that relatively strong 
nuclear magnetic resonance effects are achieved. In order to limit the overall time necessary 
for a complete examination, the gradients of the main magnetic field Bo are altered at 
relatively hi^ frequencies. For this purpose the electrical currents in the coils of the gradient 

25 magnet syst^i 19 are also altered at high frequencies. 

Smce a portion of the magnetic field of the main noiagnet system 13 is present 
in the gradient magnet system 19 an electromagnetic intaraction occurs between the magnetic 
field of the main magnet system 13 and the altering currents in the gradient magnet sj^em 
19. Said interaction leads to mechanical loads, in particular Lorentz forces being exerted 

30 during operation on the coils of the gradient magnet system 19. Since the magnetic field of 
the main magnet sj^cti 13 is relatively strong and the currents in the gradient magnet system 
19 are altered at relatively high fi-equencies, the Lorentz forces are relatively high. Without 
additional measures the Lorentz forces would lead to strong mechanical and acoustic 
vibrations of the gradient magnet system 19. Said vibrations would even be transmitted to 
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other parts of the MRI system 1, in particular to Ihe main magnet system 13 and to the upper 
and lower housing 3, 5 . As a result of said vibrations distortions of the main magnetic field 
-Bo^^uldocxsttrrwMcdrw^MdTestdr^^ images^eneratedrby 



the MRI system 1 . Furthermore, inadmissibly high acoustic vibrations would occur in and 

S around the MRI system 1 . 

In order to reduce and limit said mechanical and acoustic vibrations of the 
gradient magnet system 19 the MRI system 1 comprises an anti-vibration system 33. In the 
first embodiment of the MRI system 1 shown in fig. 1 the anti-vibration system 33 comprises 
a separate first portion 35 for reducing the vibrations of the first portion 21 of the gradient 
10 magnet system 19 and a separate second portion 37 for reducing Ihe vibrations of the second 
portion 23 of the gradient magnet system 19. In the following only the first portion 35 of Ihe 
anti-vibration system 33 will be discussed in detail. The stracture and operation of the second 
portion 37 of the anti-vibration system 33 is identical to the first portion 35. Furthemiore a 
number of structural details of the first portion 21 of the gradient magnet system 19 will be 
15 discussed, and it will be clear that the second portion 23 of the gradient magnet system 19 has 
identical structural details. 

As shown in fig. 1 the first portion 35 of the anti-vibration system 33 
con^rises a balance member 39, which will be discussed in detail hereafter and which is 
positioned at a side 41 of the first magnet unit 25 remote from the examination volume 11. 
20 The first portion 21 of the gradient magnet system 19, which is positioned in a portion of tiie 
first magnet unit 25 feeing the examination volume 1 1, is rigidly mounted to a cylmdrical 
connecting member 43 which is acconomodated in a central chamber 45 provided in the first 
magnet unit 25 and in tiie first portion 15 of the main magnet system 13. The first portion 21 
of tiie gradient magnet system 19 is mounted to the first portion 15 of the main magnet 
25 system 13 via a number of mounting elements 47. which are provided on the connecting 

member 43 and are made from an elasticaJly deformable material such as rubber. The balance 
member 39 is coupled to the connecting member 43 of the first portion 21 of the gradient 
magnet system 19 by means of a coupling device 49, which will be discussed in detail 
hereafter, and by means of an actuator system 51, which will also be discussed in detail 
30 hereafter. 

In fig. 2 the balance member 39 is shown in detail. In the embodimait shown 
the balance member 39 comprises tiiree portions 53 which have a relatively high mass and 
which are positioned on an miaginary drcle around a central axis 55 of the first magnet unit 
25 extendmg parallel to the Z-direction. The portions 53 are interconnected by means of a 
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triangular firame 57 having a central opening 59. The coupling device 49 comprises three 
flexible rods 61 extending in a horizontal imaginary plane perpendicular to the Z-direction. A 
- -fir^-€ndrpordon-of«aeh-rod-&Hs-coimected to an end disc'63-of&e-eennectmg-member-43 
of the first portion 21 of the gradient magnet system 19. A second end portion of each rod 61 
5 is connected to an inner wall 65 of the central opening 59 of the triangular frame 57. The 
three flexible rods 61 allow the balance member 39 to rotate relative to the first portion 21 of 
the gradient magnet system 19 about a first horizontal axis of rotation 67, which is 
perpendicular to the Z-direction, and about a second horizontal axis of rotation 69, which is 
perpendicular to the Z-direction and to the first axis of rotation 67. The actuator system 51 

10 comprises three actuators 71 which are also arranged on an imaginary circle around the 
central axis 55 and which are each able to exert a conq>ensating force Fz on the balance 
member 39 in a direction parallel to the Z-direction. In the embodiment of fig. 1 and fig. 2 
each actuator 71 is a pi^o-electric actuator which is arranged in the CCTtral chamber 45. A 
first end portion of each actuator 71 is connected, via a first elastic hinge 73, to an angular 

1 5 horizontal mounting surface 75 of the connecting member 43, while a second end portion of 
each actuator 71 is connected, via a second elastic hinge 77, to a mounting surface 79 of the 
triangular &ame 57 which is present near the central opening 59. By means of the three 
actuators 71 the actuator system 51 is able to exert compensating mechanical torques Mcx 
and McY (see fig. 2) upon the balance member 39 about the first and the second axis of 

20 rotation 67, 69. The coupling device 49 allows said torques to be converted into rotations of 
the balance member 39 relative to the first portion 21 of the gradient magnet system 19 about 
the first and the second axis of rotation 67, 69. As the balance member 39 is positioned at the 
side 41 of the first magnet unit 25 remote fix)m the examination volume 1 1, a relatively large 
amount of space is available for the balance member 39. As a result the portions 53 can be 

25 positioned at a relatively large distance from the central axis 55. In this maimer the balance 
member 39 has relatively large moments of inertia Ix and ly about the first and the second 
axis of rotation 67, 69, respectively, with a limited total mass of the balance mraaber 39. As 
the piezo-electric actuators 71 are accommodated in the ceniaral chamber 45, the longitudinal 
deformations of the piezo-electric actuators 71 necessary to achieve predetermined rotations 

30 of the balance member 39 about the first and the second axis of rotation 67, 69 are 

considerably limited, so that the necessary dimensions of the piezo-electric actuators 71 are 
limited and the robustness of the piezo-electric actuators 71 is increased An advantage of the 
use of piezo-electric actuators in the actuator system 5 1 is that the presence of the piezo- 
electric actuators 71 does substantially not influence the main magnetic field Bo in the 
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examination volume 11 as piezo-electric actuators do substantiaUy not contain any 

electrically conductive materials. 

-^lie-appMeationof-the^feove^esmbed-stoetare-andrffo^^ 



member 39, the coupling device 49 and the actuator system 51 is based on the insight that in 
5 an open type MRI system, like the MRI system 1, the mechanical and acoustic vibrations of 
the gradient magnet system 19 are predominantly caused by mechanical torques Mx, My (see 
fig. 1) which aie exerted, as a result of the electromagnetic interaction between the magnetic 
field of the main magnet system 13 and the electrical currents m the gradient magnet system 
19, on Ihe first and the second portion 21, 23 of the gradient magnet system 1 9 about axes 
10 directed perpendicular to the Z-direction. In the MRI system 1 according to Ihe invention said 
mechanical torques Mx, My on the first portion 21 of the gradient magnet system 19 are 
substantially cancelled in that the compensating mechanical torques Mcx, Mcy. which are 
exerted on fiie balance member 39 by the actuator system 51, substantially correspond with 
said mechanical torques Mx, My. As a result mechanical reaction torques Mrx, May (see fig. 
15 1) are exerted by the actuator system 51 iq)on the first portion 21 of the gradient magnet 

system 19 which have the same magnitude as, but are oppositely directed to said mechanical 
torques Mx, My, so that the total mechanical torques exerted on the first portion 21 of the 
gradient magnet system 19 about axes perpendicular to the Z-direction are substantially zero. 
For this purpose the MRI system 1 comprises a control system 8 1 which is schematically 
20 shown in fig. 1 and which controls each actuator 71 of the actuator system 5 1 in such a 

manner that the con^ensating mechanical torques Mcx, Mcy exerted by the actuator system 
51 on the balance member 39 substantially equal the mechanical torques Mx, My. In order to 
calculate the momentary values of the necessary compensating mechanical torques Mcx, Mcy 
the control system 81 has an u^ut 83 fox receiving a signal ui which corresponds to the 
25 values of the momentary electrical currents m the coils of the gradient magnet system 19. 
Said signal ui is suppHed by a pulse sequence control unit 85 of Ihe MRI system 1. which is 
not shown in detail in fig. 1 and which determines the electrical currents m the coils of the 
gradient magnet system 19 and the RF-signals to be transmitted by the RF-coil units 29, 31 
according to a predetermined MRI pulse sequence program. On the basis of the signal ui and 
30 information about the strength and orientation of the magnetic field of the main magnet 
system 13, which is stored in a memory of the control system 81, the control system 81 
predicts the momentary values of the mechanical torques Mx, My. Subsequently the control 
system 81 determines the deformations of the piezo-electric actuators 71 necessary to achieve 
the necessary compensating mechanical torques Mcx, Mcy. Said deformations are calculated 
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by the control system 81 on the basis of the predicted values of the mechanical torques Mx, 
My, liie moments of inertia Ix, ly of the balance member 39, and the necessary angular 

displacemente-af%e^alaaee-meHiber-39i-FinaUy a control signal-UD-ooErespondiag4o^e- 

necessary deformations is supplied by the control system 81 to each individual actuator 71 of 
5 the actuator system 51. An advantageous property of the piezo-electric actuators 71 is that the 
control signal ud has a relatively small current value, so that the control signal up causes only 
relatively small disturbing magnetic fields. It will be clear that the mechanical torques Mx, 
My on the second portion 23 of the gradient magnet system 19 are cancelled in a similar 
manner by means of the second portion 37 of the anti-vibration system 33. 

10 By means of the balance member 39, the actuator system 51, and the control 

system 81 a predommant portion of the mechanical and acoustic vibrations of the first portion 
21 of the gradient magnet system 19, in particular the predominating angular vibrations about 
axes perpendicular to the 2:^-direction, is reduced in an effective manner. The conq>ensating 
mechanical torques Mcx, Mcy exerted on the balance member 39 are converted into angular 

15 displacements of flie balance m^ber 39 about the first and the second axis of rotation 67, 
69. As the moments of inertia Ix, ly of the balance member 39 are relatively high, said 
angular displacements of the balance manber 39 and the vibrations of the balance member 
39 resulting therefrom are relatively small and do not lead to ^preciable acoustic vibrations 
of the balance member 39. In order to reduce the sound caused by the vibrations of the 

20 balance member 39 a suitable sound insulation means can be provided around the balance 
member 39. An example of such a sound insulation means is a vacuum chamber wherein the 
balance member 39 is arranged. An important advantage is that the balance member 39 is not 
mechanically coupled to any other part of the MRI system 1 than the first portion 21 of the 
gradient magnet 19, so that the resulting vibrations of the balance member 39 are not 

25 mechanically transmitted to any other part of the MRI system 1 . The coupling device 49 and 
the actuator system 5 1 have simple structures since in this embodiment only angular 
displacements of the balance mranber 39 about the first and second axis of rotation 67, 69 are 
to be aerated. 

In file embodiment shown in fig. 1 residual angular vibrations of the first 
30 portion 21 of the gradient magnet system 19 about axes perpendicular to the Z-direction are 
fiirfher reduced in that tiie gradient magnet system 19 is provided with a sensor system 87 
which measures said residual vibrations during operation- The sensor system 87 supplies a 
measuring signal urv corresponding with said measured residual vibrations to the control 
system 81. The sensor system 87 belongs to a feedback control loop of the control system 81, 
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wbich adjusts the control signal ud suppUed to the actuator system 51 in such a nianner that 
the measured residual vibrations are kept smaUerthanapredetenmnedti Such 

-^esidtta3-v*fatioBS-ma5^oceur«s-a-R!Sutt-o^^ 



torques Mx, My actually experienced by the first portion 21 of the gradient magnet system 19 
5 and the values of the mechanical torques Mx, My predicted by the control system 81. As a 
result of the use of said feedback control loop including the sensor system 87 the efficiency 
of the first portion 35 of the anti-vibration system 33 is further improved. It will be clear that 
residual angular vibrations of the second portion 23 of the gradient magnet system 19 about 
axes perpendicular to the Z-direction are further reduced in a similar manner. 
IQ Fig. 3 sch^aticaUy shows a second embodiment of an MRI system 101 

according to the invention, which is also of the open type. Parts of the MRI Systran 101, 
which correspond with parts of the MRI system 1 as described before, are indicated with 
corresponding reference numbers in fig. 3 and wiU not be discussed m detaiL Fig. 3 
schematicaUy shows the main parts in the lower housing 5' accommodating the second 
15 magnet unit 27' of the MRI system 101 . The upper housing accommodating the first magnet 
unit is not shown in fig. 3, but the skilled person will understand that the i^er housing and 
the first magnet unit are substantially identical to the lower housing 5' and the second magnet 
unit 27'. In the following only the main differences between the MRI system 101 and the 
MRI system 1 will be briefly discussed. 
20 As shown in fig. 3 the MRI system 101 comprises an anti-vibration system 

103 comprising a second portion 105 for canceling the mechanical torques Mx, My exerted 
on the second portion 23' of the gradient magnet system 19' as a result of the electromagnetic 
interaction between the magnetic field of the main magnet system 13' and the electrical 
currents intiie second portion 23' of the gradient magnet system 19'. The skilled person will 
25 understand that a first portion of flie anti-vibration system 103, which is not shown in fig. 3 
and is used to cancel the mechanical torques Mx, My exerted on the first portion of flie 
gradient magnet system, is substantially identical to the second portion 105. The second 
portion 105 of the anti-vibration system 103 comprises abalance member 107 which 
comprises a massive cylindrical body arranged in the central chamber 45' of the second 
30 magnet unit 27'. The balance member 107 is coupled to the second portion 23' of the 

gradient magnet system 19' by means of an actuator system 109 and by means of a coupling 
device which allows rotations of the balance member 107 relative to tiie second portion 23' 
of the gradient magnet system 19' about axes perpendicular to the Z-direction. The coiiphng 
device is not shown in fig. 3, but tiie skilled person will undarstand how to construct a 
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suitable coupling device, for example on the basis of the disclosure herebefore about the 
coupling device 49 of the MRI system 1. The actuator system 109 is comparable with the 

actuator system 51 ofthe-MBI-system-lr«Bd-eomprises-three piezo-electri 

which are each able to exert a con^ensating force Fz on the balance member 107 in a 
direction parallel to the Z-direction. In fig. 3 only two actuators 11 1 are schematicaUy shown. 
The actuators 11 1 are mounted between a horizontal mounting surface 1 13 of the balance 
member 107 and a horizontal mounting surface 1 15 of the second portion 23' of the gradient 
magnet system 19'. The actuators 1 1 1 are controlled by a control system of the MRI system 
101, which is not shown in fig. 3 and which supplies a control signal to each individual 
actuator 111 corresponding with a calculated defonnation of the actuator 111. 

The balance member 1 07 has a comqpact structure, and the available volume of 
the central chamber 45' is effectively used to accommodate the balance member 107, the 
coupling device and the actuator system 1 09. As a result, however, the moments of inertia Ix, 
Iy of the balance member 107 about axes perpendicular to the Z-direction are relatively 
small. In the MRI system 101, however, the angular displacements of the balance member 
107 are limited since the balance member 107 comprises an electrically conductive portion 
1 17 which is positioned in aportion of the magnetic field of the main magnet system 13'. In 
the embodiment shown in fig. 3 the electrically conductive portion 1 17 of the balance 
member 107 comprises a cylindrical plate 1 19 which is also arranged in the central chamber 
45' and is mounted around the massive cylindrical body of the balance member 107. The 
plate 1 19 is made from a material having a relatively high electrical conductivity, such as 
copper. It wiU be understood that the first portion of the anti-vibration system 103 comprises 
a similar electricaUy conductive portion, hi the central chamber 45' the magnetic field of the 
main magnet system 13* is relatively strong and is oriented substantially parallel to flie Z- 
direction. Wh^ the balance member 107 is displaced relative to the second portion 23* of the 
gradient magnet system 19' by means of the actuator system 109, eddy currents are generated 
in the electricaUy conductive portion 1 17 by the magnetic field of tiie main magnet system 
13*. The electromagnetic interaction between said magnetic field and said eddy currents 
causes Lorentz forces to be exerted on the electrically conductive portion 1 17 in a direction 
opposite to the direction in which the electrically conductive portion 1 1 7 is displaced. Thus 
said Lorentz forces have a dampmg effect on the angular displacements of tiie balance 
member 107, e.g. said displacements are limited as a result of the presence of the electrically 
conductive portion 1 17. Since the magnetic field of the main magnet system 13* in the central 
chamber 45' is relatively strong, said damping effect is also relatively strong, so that the 
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angular displacements of the balance member 107 are relatively small despite the relatively 
small moments of inertia Ix, Iy of the balance member 107. A fiirfher advantage of the 

€ajQbo6kae&t^)&B^r^i&^ 

i.e. substantially parallel to the local direction of the magnet field of the main magnet system 
5 13* in the central chamber 45\ As a result an optimal damping effect is achieved by the 
electrically conductive portion 117. The control system of the MRI system 101 determines 
the control signals supplied to each individual actuator 111 not only as a function of the 
predicted mechanical torques Mx, My exerted on the second portion 23' of the gradient 
magnet system 19% but also as a function of a predicted value of the damping force generated 

10 by the electrically conductive portion 1 17. Said damping force depends in a predetermined 
nGtatmer on the angular velocities of the electrically conductive portion 1 17, and a skilled 
person will know how to adapt the control system in order to take into account the damping 
force. 

It is preferred to arrange the electrically conductive portion 1 17 of the balance 

IS member 107 in a position which is remote &om the examination volume 1 1 as fEcr as possible. 
In this way the influence of the eddy currents in the electrically conductive portion 1 17 on the 
main magnetic field Bq in the examination volume 1 1 is limited as much as possible. Thus in 
a preferred further embodiment of an MRI system according to the invention, which is not 
shown in the figures, the cylindrical plate 119 only extends around tiie lower half portion of 

20 the balance member 1 07, which is remote from the examination volume 1 1 . In this further 
embodiment the damping effect may be increased by the addition of an electrically 
conductive end plate at the location of the end surface 121 of the balance member 107. 

It is noted that the invention also covei^ magnetic resonance imaging (MR!) 
systems of the so-called closed cylindrical type which comprise a single cylindrical magnet 

25 imit enclosing a cylindrical examination volume. The gradient magnet system of an MRI 
system of the closed cylindrical type usually comprises a single cylindrical gradient coil 
system. Accordingly the anti-vibration system of a closed type MRI system according to the 
invention may comprise a single balance member only, which is coupled to said gradient coil 
system by means of a single suitable coupling device and a single suitable actuator system. In 

30 order to comp^isate internal mechanical bending torques, which are characteristic for the 

gradiCTt magnet system of a closed type MRI system, a closed type MRI system may also be 
provided with two or more balance members coupled to the gradient magnet system. 

In the MRI systems 1 and 101 described before the anti-vibration systems 33, 
103 are used to cancel tiie mechanical torques Mx» My which are exerted on the first and 
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second portions 21, 21% 23, 23' of the gradient magnet system 19, 19' about axes 
perpendicular to the Z-direction. It is finally noted that the invention also covers magnetic 

resonance-imaging (MRI) systems in wlueh-the-atttt=\ibrationrQ^em is-nsed-to cancel other — 

mechanical loads exerted on the gradient magnet system as a result of electromagnetic 
5 interaction between the magnetic field of the main magnet system and the electrical currents 
in the gradient magnet system, such as the net linear forces. In such embodiments a suitable 
coupling device should be provided, which allows the necessary linear displacements of the 
balance member relative to gradient magnet system, and a suitable actuator system should be 
provided which allows the necessary compensating mechanical loads (forces) to be exerted 

10 on the balance member. A person skilled iu the art will be able to design a suitable coupling 
device and a suitable actuator system depending on the kind of mechanical loads to be 
compensated. 
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1. A magnetic resonance imaging (MRS) system comprising an examination 

volume, a main magnet system for goaerating a main magnetic field in the examination 
volume in a Z-direction, a gradient magnet sysb&a for generating gradients of the main 
magnetic field, and an anti-vibration system for reducing vibrations of the gradient n:iagnet 

5 systsax caused, during operati<Mi, by a mechanical load exerted on Ihe gradient magnet system 
as a result of electromagnetic interaction between the main magnetic field and electrical 
currents in the gradient magnet system, characterized in that the anti-vibration system 
comprises a balance member, which is coupled to the gradient magnet system by means of an 
actuator system and a coupling device allowing displacements of the balance member relative 

10 to the gradient magnet system, the MRI system having a control system for controlling the 
actuator system in such a manner that, during operation, the actuator system exerts upon the 
balance member a compensating mechanical load which substantially corresponds with the 
mechanical load exerted on the gradient magnet system. 



15 2. An MM system as claimed in claim 1, characterized in that, during operation, 

the control qrstem supplies a control signal to the actuator system corresponding with tiie 
compensating mechanical load, the control system determining said control si^ial as a 
fhnction of the value of the electrical currents in the gradient magnet system. 

20 3. An MRI system as claimed in claim 2, characterized in that the gradient 

magnet system comprises a sensor system which, during operation, measures residual 
vibrations of the gradient magnet system and which supplies a measuring signal to the control 
system correspondmg with the measured residual vibrations, the control system adjusting the 
control signal in such a manner that the measured residual vibrations are smalls than a 

25 predetermined threshold value. 

4 An MRI system as claimed in claim 1, characterized in that the actuator 

system con:q)rises piezo-electric actuators. 
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5. An MRI system as claimed in claim 1, characterized in that tiie balance 
member comprises an electrically conductive portion which is positioned in a portion of the 
magneMcHSeld-of^the-main magnet system. 

S 6. An MRI system as claimed in claim 1, characterized in that the MRI system 

has a first magnet unit and a second magnet unit at a distance fiom the fbrst magnet unit, the 
examination volume being present between the first and the second magnet xmit, wherein the 
first and the second magnet unit comprise a first portion and a second portion, respectively, 
of the main magnet system and a first portion and a second portion, respectively, of the 

10 gradient magnet system, and wherein the first and the second portion of the gradient magnet 
system are each coupled to a separate balance member by means of a separate actuator 
system and a separate coupling device allowing at least rotations of the respective balance 
member relative to the respective portion of the gradient magnet system about a first and a 
second axis of rotation, which are mutually perpendicular and perpendicular to the Z- 

15 direction, the control system controlling each actuator system in such a manner that, during 
operation, each actuator system exerts upon Ihe respective balance member at least 
compensating mechanical torques about the first and the second axis of rotation which 
substantially correspond with mechanical torques exerted on the respective portion of the 
gradient magnet system as a result of the electromagnetic interaction between the main 

20 magnetic field and the electrical currents in the respective portion of the gradient magnet 
system. 

7. An MRI system as claimed in claim 6, characterized in that each actuator 
system comprises three actuators, which each exert a compensating force on the respective 

25 balance member in a direction parallel to the Z-direction. 

8 . An MRI system as claimed in claim 6, characterized in that the first and the 
second portion of the gradient magnet system are positioned in a portion of the respective 
magnet unit &cing the examination volume, and in that the respective balance member is 

30 positioned at a side of the respective magnet imit remote from the examination volume, the 
respective portion of the gradient magnet system and the respective balance member being 
connected to each other via a connecting member which is accommodated in a central 
chamber provided in the respective magnet unit and in the respective portion of the main 
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magnet system* 

9r ■ AitMRI-system-as-elaiffledriB-el^^ that eaeh oiF— 

the three actuators is a piezo-electnc actuator arranged in the central chamber of the 
5 re^ective magnet unit 

10. An MRI system as claimed in claims 5 and 6, characterized in that each 
balance member comprises an electrically conductive portion arranged in the central chamber 
of the respective magnet imit 

10 

11. An MRI system as claimed in claim 10, characterized in that the electrically 
conductive portion of each balance member comprises a cylindrical plate which is oriented 
substantially parallel to the Z-direction* 

IS 12. An MRI system as claimed in claim 1 1» characterized in that each balance 

member comprises a massive cylindrical body which is arranged in the central chamber of 
the respective magnet unit, the respective cylindrical plate being mounted around said body. 
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The invention relates to a magnetic resonance imaging (MRO system (1) 
comprising an examination volume (1 1), a main magnet system (13) for generating a main 
magnetic field (Bo) in the examination volmne in a Z-direction, a gradient magnet system 
(19) for generating gradients of the main magnetic field, and an anti-vibration system (33) for 
reducing vibrations of the gradient magnet system caused by a mechanical load (Mx, My) 
exerted on the gradient magnet system as a result of electromagnetic interaction between the 
main magnetic field and electrical cuirents in the gradient magnet system. 

According to the invention the anti-vibration system (33) coojprisea a balance 
member (39), whidt is coupled to flic gradient magnet system (19) by means of an actuator 
system (51) and a coupling device (49) allowing displacements of the balance member 
relative to the gradient magnet system. The MRI system (1) further has a control system (81) 
which controls the actuator system in such a manner that the actuator system exerts upon the 
balance member a compmsating mechanical load (Mcx, Mcy) which substantially 
corresponds with the mechanical load (Mx, My) exerted on the gradient magnet system. As a 
result the actuator system exerts a mechanical reaction load (Mrx, Mry) on the gradient 
magnet system which has the same magnitude as but is oppositely directed to the mechanical 
load (Mx, My) ecerted on the gradient magnet system, so that vibrations of the gradi^t 
magnet system are effectively limited. 
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